INTRODUCTION
The rationale behind the development of a visible tag system derives from the fact that protein isolation procedures are much easier to perform with visible polypeptides such as flavoenzymes or hemoproteins that contain colored chromophores. For instance, the flavodoxin-like flavin mononucleotide (FMN)-binding domain of human cytochrome P450 reductase (CPR) lends itself particularly well to protein purification, as it is small (21 kDa), visible (blue-green or yellow, depending on the oxidation state of the FMN cofactor), and expresses in soluble form at extremely high levels (30-40 mg/L) in Escherichia coli (1, 2) . The same applies to the small (approximately 17 kDa) red heme-binding molecule cytochrome b5 (b5) (3) . Thus, the combination of visibility, solubility, and small size make these molecules ideal fusion tags for generating visible recombinant proteins that can be tracked through the purification process. To exploit this, we have adapted a red mosquito cytochrome b5 molecule and a yellow human FMNbinding domain to use as visual tags. These have extremely useful practical applications in facilitating normal protein purification procedures.
MATERIALS AND METHODS

Chemicals and Reagents
All chemicals were purchased from Sigma (Poole, Dorset, UK), and all enzymes from Life Technologies (Paisley, UK), except where stated. Nickel agarose affinity resin was from Qiagen (Valencia, CA, USA).
Plasmid Construction
Plasmids used in this study are shown in Figure 1 and oligonucleotide primer sequences (RF1-7) are listed in Table 1 . A two-step PCR using Pfu DNA polymerase (Stratagene, La Jolla, CA, USA) was used to generate pFMN (Figure 1) , which contains the FMN-binding domain of human CPR fused to an N-terminal hexahistidine (His 6 ) tag and a C-terminal thrombin cleavage sequence (TCS). The first PCR used pET15b (EMD Biosciences, San Diego, CA, USA) as template with RF1 and RF2 as forward and reverse primers, respectively, to produce a DNA fragment containing the XbaI site of pET15b and a His 6 sequence fused to the first 21 nucleotides of CPR exon 2 (2). This fragment was gel-purified and used as the forward primer along with RF3 as the reverse primer in a PCR with pMP plasmid as template, which contains the CPR FMN domain sequence (2) . The resultant 600-bp DNA fragment, encoding a His 6 -CPR FMN-TCS sequence, was subcloned into the unique XbaI/XhoI sites of pET15b to generate the yellow pFMN vector.
A 700-bp fragment encoding schistosomal glutathione-S-transferase (GST) was amplified by PCR using RF4 and RF5 as forward and reverse primers, respectively, and pGEX 6P-1 (Amersham Biosciences Ltd., Little Chalfont, Buckinghamshire, UK) as a DNA template. The resulting fragment was subcloned into the unique NdeI/ XhoI sites of pET15b and pFMN to create pGST and pFMN-GST ( Figure  1 ), which express colorless and yellow GST protein, respectively, To generate a red fusion protein (b5-GST), nucleotides 2-300 of the Anopheles gambiae cDNA sequence (4) were amplified using RF6 and RF7 as forward and reverse primers, which respectively incorporate an N-terminal His 6 tag to facilitate affinity purification and a C-terminal thrombin cleavage sequence immediately downstream of the b5 coding sequence. The resultant PCR product was subcloned as an NcoI/ NdeI fragment into pFMN-GST, so as to replace the yellow FMN tag with a red b5 tag to generate the plasmid pb5-GST.
Recombinant Protein Expression and Purification
For E. coli expression of the various constructs, BLR (De3/pLysS) strains transformed with the appropriate plasmid were grown at 37°C in Terrific Broth (TB) containing 50 µg/mL ampicillin and 30 µg/mL chloramphenicol to an A 600 of 0.4-0.8. For expression using the b5 tag (b5-GST), the TB growth media was supplemented with 1 mM δ-aminolevulinic acid, a heme precursor that affects efficient heme incorporation. 
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induced by adding isopropyl-β-dthiogalactopyranoside (IPTG) to 1 mM and growing cultures at 30°C for 15 h. Cells from 50-mL cultures were harvested by centrifugation at 5000× g for 20 min and resuspended in 5 mL binding buffer (20 mM Tris, pH 8.0, 500 mM NaCl). Cell suspensions were lysed by freeze-thawing and sonication (Soniprep 150 probe; MSE Ltd, Kent, UK) using several short bursts at high power, and then centrifuged at 16,000× g for 10 min at 4°C in Eppendorf ® tubes. The supernatants were loaded onto approximately 2-mL nickelnitrilotriacetic acid (NTA) agarose columns previously equilibrated in binding buffer. Proteins were washed consecutively with 10 mL binding buffer and 10 mL binding buffer/40 mM imidazole and eluted with binding buffer/300 mM imidazole. Purified fractions were collected into Eppendorf tubes by hand.
For fast protein liquid chromatography (FPLC) purification, the supernatant containing FMN-GST was loaded onto a 1 mL Hi-Trap™ nickel column (Amersham Biosciences) using an AKTA™ FPLC machine (Amersham Biosciences). The column was washed with 5 column volumes of binding buffer, and bound protein was eluted using a 10-column volume linear gradient of 0-350 mM imidazole. Fractions (0.2 mL) were collected in a 96-well microplate using a Frac-950 fraction collector (Amersham Biosciences). Fractions were spectrally monitored at 450 nm.
Analysis of Fractions
Extinction coefficients were calculated from the formula Ε = A/c, where A is the absorbance of the solution in a cuvette with a 1-cm light path, and c is the concentration in µM. Protein fractions of approximately 95% purity, as estimated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), were analyzed. b5-GST, with an estimated molecular weight of 38 kDa, was measured at 412 nm, and FMN-GST, with an estimated molecular weight of 50 KDa, was measured at 450 nm. Analysis of GST activity was performed using 1-chloro-2,4-dinitrobenzene (CDNB) and glutathione (GSH) as substrates. Measurement of the formation of CDNB-GSH conjugate was carried out at 37°C using a Cobas Fara centrifugal analyzer (Roche Diagnostics, Welwyn Garden City, Herts, UK) as previously described (5). For thrombin cleavage, RF1  5′-CCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATG-3′  RF2  5′-GCTCTCTCTGACAGAGGAGGTGCCGCTGCTGTGATGATGATG-3′  RF3  5′-CCTCGAGCATATGGCTGCCGCGCGGCACCAGGCTGGACTCCTCGCCAGT-3′  RF4  5′-GAGGAATTCCATATGTCCCCTATACTAGGTTAT-3′  RF5  5′-CGGGGAATTCCGGGGATCCCAGGGGCCCCTAGAACAG-3′  RF6 5′-GATATACCATGGGCAGCAGCCATCATCATCATCATCATTCGGAAGTGAAA ACGTACTCGC-3′ RF7 5′-CCTCGAGCATATGGCTGCCGCGCGGCACCAGCTGCTGGTCCATTTTCCAGTC-3′ 
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proteins were buffer-exchanged into thrombin cleavage buffer (20 mM Tris, pH 8.4, 150 mM NaCl, 2.5 mM CaCl 2 ) and cleaved at 4°C overnight with 0.5 U/mg of thrombin. Protein concentrations were determined using Bradford assays (Sigma) and bovine serum albumin standard. Electrophoresis was carried out using precast NuPage ® 4%-12% Bis-Tris gels (Invitrogen, Carlsbad, CA, USA).
RESULTS AND DISCUSSION
To test the visual tagging concept, the coding sequence for a colorless enzyme, Schistosoma mansoni GST, was cloned downstream of the b5 and FMN genes, expressed in E. coli, and purified. A schematic overview of the origin of the red and yellow tags is shown in Figure 2A . To facilitate protein purification, we engineered a His 6 tag sequence at the amino terminus of the colored molecules, thus enabling metal chelating affinity chromatography to be performed and a TCS to the carboxy-terminal end of each domain to allow the fusion tag to be removed by thrombin digestion following purification ( Figure 2B) .
To simulate the type of small-scale experiment commonly used for pilot expression studies, we purified the redand yellow-tagged GSTs from 50-mL cultures using standard benchtop procedures and equipment. Recombinant protein expression was detectable from the color of the harvested cell pellets, with b5-and FMN-tagged GSTs producing red and blue-green colored pellets, respectively. The b5 tag retained its pink/red color throughout the purification process, whereas the FMN tag changed color from an initial dark blue-green color in the pellet and cell lysates to a bright yellow color (after which the tag is named) during column purification, reflecting redox changes to the FMN isoalloxazine ring (6) .
Visualization of tagged protein is largely dependent on the presence of correctly bound flavin or heme cofactor, which in turn is dependent on the correct folding of the protein.
Thus, the presence of the green or pink color in the harvested cell pellet and supernatant is a very effective early indicator of the quantity and solubility of the recombinant fusion protein being expressed. As lack of solubility is a major problem experienced when expressing recombinant protein in E. coli, a major advantage of this system is that it allows the identification of clones that express soluble recombinant protein, thus permitting extensive rapid screening and optimization to encourage elevated levels of recombinant protein prior to chromatography. It is worth noting that the recombinant protein expressed in inclusion bodies also appears to retain cofactor and is therefore visible. This provides another useful visual aid to the quantity and whereabouts of the protein being expressed.
During nickel-agarose affinity purification, a localized accumulation of tagged protein is visible at the top of the column. With the addition of the competitive ligand (imidazole) one observes a displacement of the His 6 -tagged fusion proteins ( Figure  3A) down the column, which allows the dynamics of protein binding with the column matrix to be visualized in real-time. This ability to track protein movement allows the precise capture of elution fractions containing visible tagged protein. In addition, it also reduces the need for time-consuming methods, such as immunoblotting or enzyme activity measurements, which are commonly used to identify fractions containing proteins of interest.
The absorbance spectra of the FMN and b5 domains produce wavelength maxima in the regions of approximately 450 and 412 nm, respectively, which can be used to directly quantify the protein concentrations of the tagged molecules. Here, we have calculated the extinction coefficients of the b5-and FMN-tagged GSTs to be 0.061 and 0.008 µM -1 .cm -1 , respectively. Thus, a single absorbance unit (1 AU) is equivalent to protein concentrations of approximately 16 and 118 µM for the yellow and red tags, respectively. These measurements show that the red tag is significantly more sensitive (approximately 10-fold) than the yellow tag. The limit of detection by eye is about 0.1 AU, which means the system is sensitive down to approximately 1.6 µM (0.1 mg b5-GST/mL) for the red tag and approximately12 µM (0.7 mg FMN-GST/mL) for the yellow tag. Specific activities of the elution fractions towards a typical GST substrate, CDNB, were determined. Both the b5-GST and FMN-GST fusions catalyzed the formation of CDNB-GSH conjugated products with specific activities of 4.4 and 2.8 µmol CDNB-GSH produced/min/mg, respectively. Following thrombin cleavage ( Figure 3B ), the GST released maintained similar specific activity, indicating the structure and function of The characteristic absorbance signatures of the tagged proteins means they can be tracked spectrophotometrically, thus increasing the sensitivity of detection and allowing selective monitoring of color-tagged proteins using automated protein purification procedures, such as FPLC. An example of this is shown in Figure 3C , where the yellow FMN-GST has been purified using FPLC, and the fractions were tracked by absorbance at 450 nm.
These experiments show the FMN domain and b5 molecules to be extremely effective visual tags for facilitating recombinant protein expression and purification. Apart from color, the intrinsic advantages these tag molecules have are their small size (FMN is approximately 21 kDa, while b5 is only approximately 13 kDa) and solubility when expressed at high levels in E. coli, which is helpful in conferring solubility to other fused polypeptides (7) . As well as GST, we have been successful in using the Rainbow system to express two human kinases, an insect sulfite reductase, and a viral peptide sequence.
While we have employed E. coli for expression, the visible tag system could also be used in conjunction with other commonly used protein expression systems such as baculovirus, yeast, or cell-free translation (8, 9) , GST (10) (11) (12) , and maltose-binding protein (13, 14) . Visual tagging systems such as green fluorescent protein (GFP) or β-galactosidase are well known and used extensively in most areas of biological research (15) (16) (17) (18) (19) . However, to be visually effective, these systems tend to require an external energy source or catalytic reaction. In contrast to these systems, flavin-and hemebinding proteins are easily visible with the naked eye.
Surprisingly, simple visible tags or tracker systems are not yet readily available to facilitate scale-up expression and purification of colorless molecules. The visual tagging system described here is designed to plug this gap. One important area where this would be applicable is in the translation of genome data into functional products and high-throughput protein structure determination by X-ray crystallography or nuclear magnetic resonance (NMR) (20) , where systems to monitor the production of soluble protein would be enormously beneficial.
